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ABSTRACT

RHEOLOGICAL PROPERTIES OF RESIN COMPOSITES ACCORDING TO THE
CHANGE OF MONOMER AND FILLER COMPOSITIONS

In-Bog Lee, Jong-Hyuck Lee, Byung-Hoon Cho, Ho-Hyun Son, Sang-Tag Lee, Chung-Moon Um*
Department of Conservative Dentistry, College of Dentistry, Seoul National University

Objectives. The aim of this study was to investigate the effect of monomer and filler compositions on the
rheological properties related to the handling characteristics of resin composites.

Methods. Resin matrices that Bis-=GMA as base monomer was blended with TEGDMA as diluent at vari-
ous ratio were mixed with the Barium glass (0.7 um and 1.0 um), 0.04 um fumed silica and 0.5 um round
silica. All used fillers were silane treated. In order to vary the viscosity of experimental composites, the
type and content of incorporated fillers were changed.

Using a rheometer, a steady shear test and a dynamic oscillatory shear test were used to evaluate the vis-
cosity (7) of resin matrix, and the storage shear modulus (G"), the loss shear modulus (G”), the loss tangent
(tand) and the complex viscosity (7%) of the composites as a function of frequency @ = 0.1-100 rad/s. To inves-
tigate the effect of temperature on the viscosity of composites, a temperature sweep test was also undertaken.

Results. Resin matrices were Newtonian fluid regardless of diluent concentration and all experimental
composites exhibited pseudoplastic behavior with increasing shear rate. The viscosity of composites was
exponentially increased with increasing filler volume%. In the same filler volume, the smaller the fillers
were used, the higher the_ viscosities were. The effect of filler size on the viscosity was increased with
increasing filler content. Increasing filler content reduced tand by increasing the G’ further than the G’.
The viscosity of composites was decreased exponentially with increasing temperature. (J Kor Acad Cons Dent
29(6):520-531, 2004)
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Table 1. Monomers and inorganic fillers used to make experimental composites and commercial composites.

Monomers
Bis-GMA 2,2-bis-(4-(methacryloxy-2-hydroxy-propoxy)-phenyl)-propane
Manufacturer: Aldrichi, Germany
TEGDMA Triethylene glycol dimethacrylate

Manufacturer; Aldrichi, Germany

Inorganic fillers

Filler Type

1) 0.7 um barium glass irregular

2) 1.0 um barium glass irregular

3) 40 am fumed silica round
(Aerosil OX-50)

4) 0.5 um silica round

Commercial Composite

7100 3M, USA
Charisma Kulzer, Germany
Clearfil Kuraray, Japan
DenkFil Vericom, Korea

Abbreviation
0.7 um Ba

1.0 um Ba
0.04 um Silica

0.5 um Silica

Manufacturer
Schott, Germany
Schott, Germany
Degussa, Germany

Youthtech, Korea

A| 23| A} Table 13} £t}

250 cc] Hlo|A Bis-GMA® TEGDMAS] FAH 7}
242 8:2,7:3,6:4,5:59 v&2 F Fo| 30 go]
=% @2 ¥ 343 £%7] (Lab stirrer, Poonglim
Co. Korea) & °]-&3ta] 3000 RPM2| &£x2 TA|IZt B¢
TYaHA &3 &, A2 7|27} A YA 7)o
A o AvA 339 B3R Az AHe-ska.

2) Fillere] silane X 2| (preparation and charac-
terization of fillers with silanazation)

A 7214 filler & 2749 A 712 E w743t
o N2 2 ZFHEE 57] Ysto] Table 10} £71€ 771
4 fillerd] W2 silane Aeldt gttt 7t filler
] silane A2l d 2.3 silane®] %L thS Ao e +
AT,

X =Aw+f

= amount of filler (gm)
w = wetting surface of silane (m*/g)
A = surface area of the filler (m%/g)
X = amount of silane coupling agent in gm
needed to obtain a minimum uniform coverage
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250 cc vlo]A FFF 70 cc¥ ethanol 30 cc
(Aldrichi, Germany)& %ol 8% ¥ YoM A"
silane ((3-(methacryloyloxy)propyl)trimethoxysilane,
Aldrichi, Germany) X gm3} acetic acid (1.029N soln.
in water. Aldrichi, Germany) X/4 gm & ¥ 333¥
E37)E o4&, 5,000 rpm, 25 ClA 1 AI7F FoF &3
HSAIZA T 7] S99 filler 20 gme 30 Bol| A4 %
T A 2 2 A s AE £ AR b
S T AN A BRI E At AAHAA Zho] £

8 & 2AAZ7] (FD5510, €413, Korea)l %
A7t B¢ AzAAE 22D fillerd 120 CE #AE
7A97] (Drying oven DF-135D1, F2l38}, Korea) St
A 2 AIZE B SAAA TRSS SAAFY

% o of

3) SEeiElel M= (composite formulation and
characterization)

Filler content, filler size, filler EH&E® 2 filler
blending®] &7} B2 sty JAd oA o
&g FE] 9 oy 2A4Y BEFYRE AxsHAG
(Table 2). Petri dishel] Bis-GMA®+ TEGDMAZ} 6:4
2 39 A 7127 silane AP E AR T2
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Table 2. The experimental composites were made with various types, size and weight% (the unit of the numbers in
the parenthesis are volume%) of fillers added to resin matrix (Bis~=GMA 6 : TEGDMA 4).

(1) 0.7um Ba

50 (30.3), 60 (39.5), 70 (50.4), 75 (56.7) wt%
(2) 1.0um Ba

60 (39.5), 75 (56.7) wt%
(3) 0.04 um Silica

30 (19.7), 40 (27.6), 50 (36.4), 55.9 (42.1) wt%

(4) 0.5 um Silica
30 (19.3), 35 (23.1), 40 (27.1), 45 (31.3) wt%

(5) 0.7 um Ba 70 wt% + 0.04 um Silica 5 wt% - hybrid composite (57.2 vol%)
(6) 0.7 um Ba 65 wt% + 0.04um Silica 10 wt% - hybrid composite (57.7 vol%)

fillerg Table 28 Z2-& B] &2 2 A9EYE ol%
ato] E3tele] B3 & Azt & AflMe BdF
Ao F714 fillers ;‘” Jo] B3y zlel fugta A
A e FE§E FESE Ao] F FHo| R FrAA < F
FA = ArsA skt

o2 v &R T dEA HEAE B3 2 71 B
R A F dsted RS SA3A AHEE P7le
TA instrument (New Castle, DE USA) At¢] AR 2000
Rheometer 241 Z} sample 9] #%=o] W} concentric
sylinder (Couette), 40 mm steel 2° cone and plate, 20
mm aluminum parallel plate, 8 mn quartz parallel
plate & TR 24 geometry & AHESIT). HZ71A
< ASE G w2t HAAAHAA (steady shear test)
2 FA3AAGAE (dynamic oscillatory shear test)
<, B L BAHAGAE S AP s

(1) AAAGEHSIY (steady shear rate sweep test)
2 ol Wl wE 54 ey wsle] 3% (BRI
HA3klE | dynamic frequency sweep test)

AT B w2 g7 7127 E8gRe] fustd
32 #E&y] Hal A AAGAEE Ae AdES
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o BAFIGTHEE A HEEL 5 %, 2 25E 1
7 7149 A% 25Cs 35T, ¥ EdgA e 25¢
oA AlYtsict.

lo r&

(2) &% Wzl W 37 dayd &4 (temper-

ature sweep test)

L27t Bzl Ak vxe Gk dotrr] Hsl
AgRL 5 %, FI,E 10 rad/s2 23X T AJHo]
FoA peltier plate?] QE~ 20 - 45C H4lolA be 7

o2 W3ATIH AR S St

ol4te] RE 232 334 wHE3IY )

B) 0|27 thz X ST Hetdel o4
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E FIF7b o 8T Y Aol 93AAE o 2 31,
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. t o, g, . .
_a®) =—2¢"” =2 (cosd +isinJ)
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=G +iG,
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G & W 3 Afolo] 47 Afo]7} glof ouix] &4
o] fle BATEA AR BAES Ve AE
dquAe Hzelx G'E AR FAE ez d2A
£49 dquyz|9 FAxoelt}t G W 79 B.¢7/0 =
&4 e E (Joss tangent, tan d) & 31 o] 2 EA 9
e oll et A9 8] (energy loss/energy stored) 2 ¢
w3t} (Figure 1).

oe 21 HE 249 A4 AHY ¢, ¢, 7F 28] tan
0 5% TFlgl1 o|59 Wste} Egede 7 4
W3l 9 23 2% Alo|o] 43 AP S nEIFT

Filler volume fractionel] w2 A3z B3z A
HA3LE dolry] A3 vl 37|84 S APt

Iz
1) chekdf| =4 gistol| e 2fziv|Zel Bx wst

25CA Bis-GMA ¢ TEGDMAZ2] v]& W3l w2
Qe Table 3 2 Figure 2-a,b,coll YEh} gith =
£ 1189 glo] Shear rated] #A glo] Axrt 4R
Newtonian A%< B951 3lo™ TEGDMA £&°] &
offo] wa} viscosity’t 543 i ¢ F U
Figure 2-bv= A& 3| AAddA| g o A= 79 F43H
AGA g o3 BAHE 771 M2 2 UXHE HAF
1 913 Figure 2-b,collMe &4 2271 25 C¢olA 35 €
2 A% A A5} 2A Zasta Bis-GMAY 571 2
2o 2 &g 1R #7l r|Fo] x| Aoz qzt
& HoFr} FAl9 Figure 2-colX & TEGDMA £&
o] Z71gtel WE A Ao FAZ ARG BE &
4= )t} (Table 3).

G*
Gl'
Phase angle
delta s
|
rd
Gf

Figure 1. Relationship between shear storage modulus
(@), shear loss modulus (G”), complex shear modulus
(G* and loss tangent (tand) in a complex plane.
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2) Filler Z4Hstol| 2 Sgal|zle| Metad ol s}

Figure 3-a¥© filler %% F3}4 ¥gld] nt2 A3
g HolEt} EE filler BN B3R
7Fhd Hxe 748 pseudoplasticdt 42 S HA
o}, 0.7 um Ba filler?] %] 50 % oM 75 %2 Z7}8H
ne BEARET F718ka vk, E3 FU FACA 0.7
um Ba W4 0.04 um silica filler® 5 %, 10 % 2% X
SeW BAader A 371EE HAFr. Table 49
Figure 3-boll volume% %719} filler YA 7] & &ef
o W& Hxol Myt TAEH Sle vt BE A7]el H
9] fillerel] 1< filler volume®] &7}t whel EAH ==
A¢d ez 713 HeEr) 0.04 um silica fillerZ}
0.5 um silica filler Y 0.7 um Ba Bt} 543 =71 4
F43 271eS 2t 0.7 um Ba 75 wt% (56.7
vol%), 0.7 um Ba 70 wt% + 0.04 um silica 5wt%
(total 57.2 vol%), 28132 0.7 um Ba 65wt% + 0.04
um silica 10wt% (total 57.7 vol %)& A & o
8k 0.04 um silica filler 7} H7H8 23 volume%< &
= Z7leln EdgAY AeE 3 Flelges #3e
4 91t} (Figure 3-b, Table 4).

Ao i YAt 2719 G Lolr] 93 0.04 um
round silica filler®} 0.5 um round silica, Z2x 0.7
um®} 1 um irregular Ba fillerE Hlws] B L3 &
A Fei 22 volume%d fillerE &-73 B3t 2ol}
E 4R A7)0 ZAaskd E4 e AEE yehg &
0.5 um round silica filler2 A zd B2 u)&3 3
Zol e E73t1 0.04 um round fillerg 33 28ty A
oA @2 AEE HAR B 2 filler FRETE
2 F=oA filler YA sizedl] 2% &7} 03} H

x o
N
&
-
3

FN ofN lob

Table 3. The shear viscosity of monomer blends at 25 €
and 3bT.
Monomer blends

Shear viscosity (Pa.s)

Bis-GMA vs. TEGDMA 25C 35T

Bis-GMA only 369 52.6

8§ 1 2 5.04 1.46

7 3 1.280 0.476
6 : 4 0.429 0.203
5 : 5 0.144 0.085
4 . 6 0.066 0.021
3 7 0.035 0.0213
2 8 0.022 0.014
TEGDMA only 0.0077 0.0068
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Figure 2-a. Viscosity of monomer blends of varying
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25T.
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Figure 2-b. Steady shear viscosity, 7. and dynamic
complex viscosity, 7*, of Bis-GMA only and Bis-GMA 6
* TEGDMA 4 blend at 25T and 35T.

Figure 2-c. Viscosity as a function of diluent fraction at
temperature 25T and 35T.
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Figure 3-b. The effect of filler size and filler volume% on
the complex viscosity of experimental composites at © =
10 rad/s.
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Figure 3-a. Complex viscosity of experimental composites
of varying filler contents (weight%) as a function of
frequency.
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Figure 3-C. Exponential regression curve, y = ae”™, can
be fitted on the complex viscosity of experimental
composite with 0.5 um Silica as a function of filler
volume fraction.
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Table 4. The phasor presentation of complex modulus G* and phase angle , G*(®)&’=G*) 29, and the complex
viscosity 7* of experimental and commercial composites at 25C.

Composites G* (Pa) £0 (%) 7* (Pa.s)
o =10.1rad/s @ = 1 rad/s w = 10 rad/s o = 10 rad/s
0.7 um Ba
50 wt% 177 £55. 3 43.6 £ 58. 1 129.3 2723 12.9
60 wt% 55.3 £43. 9 81.2 253 3 20592 69.5 20.6
70 wt% 486 2 39. 1 111.8 2 48. 2 311.2 £67.1 31.1
75 wt% 1375 2 40. 8 2802 244. 1 610.5 £ 61.1 61.1
1 um Ba
60 wt% 53250. 2 23.3260. 9 108.4 £ 74.9 10.8
75 wt% 46.7 £42. 4 117.1 £ 50. 7 348.1 £ 69.0 34.8
0.04 um Silica
30 wt% 2350 £ 53. 5 959 £62. 9 235.0 £ 711 23.5
40 wt% 240.1 2 61.34 768.2 £ 57. 9 1274.0 £ 65.1 1274
50 wt% 17928 £ 57. 4 2982.2 £ 48. 6 4179.0 £ 51.3 4179
55.9 wt% 6202.9 £ 42. 8 47104 2 41. 8 6453.0 £ 43.7 645.3
0.5 um Silica
30 wt% 402710 144 279. 0 65.4 £ 832 6.5
35 wt% 9.0£68. 9 2352175 6 91.9 2 823 9.2
40 wt% 189 £66. 3 429 271. 0 1209 2 815 12.1
45 wt% 39.0263. 1 74.8 £ 65. 2 169.8 £ 717 17.0
0.7 um Ba 70 wt% + 0.04 um Silica 5 wt%
370.3 £ 40. 5 6906 £39. 0 1299.5 £ 49.3 129.9
0.7 um Ba 65 wt% + 0.04 um Silica 10 wt% ‘
13344 £ 35. 2 1683.8 £ 33.32 2600.0 £ 41.2 260.0
7100 288.9 £ 32. 2 9374 230. 0 2080.0 £ 40.1 208.0
Charisma 1644 £52. 3 4751 254. 5 1449.3 2 64.9 1449
Clearfil 10069 2 61. 9 15757 £ 62. 3 3881.7 £ 735 388.2
DenFil 1881.0234. 0 35855 £ 32. 3 6525.7 £ 37.1 652.6

Table 5. Regression analysis. of the complex viscosity
of the experimental composites as a function of filler
volume fraction. The exponential equation, y = ae™,
was fitted to the data of Figure 3-b. Where vy is the
complex viscosity of composites and x is filler vol-
ume fraction.

Filler a b R statistic
0.7 um Ba 1.22 6.81 0.983
0.5 um Silica 1.33 8.18 0.997
0.04 um Silica 8.38 10.39 0.992

526

© A wEY F o

Table 59} Figure 3-coll 2 filler 9 27l W 444
ez dumsle] A3 37|89 A9 %7319
.y = ae™ BES A5E HAY 37344 & AEH
A& #28 4 992 0.7 um Ba ¢ 0.5 um silica €
0.04 um silica®] €92 a, b gto] Z7ske 242 ¢ 5 Utk

Figure 4-a& 0.7um Ba fillero] Z715ol ket %
% SARYAT BT S7Bh AZREASY S7t o
an fillerdd] F7he F3 SRl @442 F7l
A 718t 3gE & & ot & fillerdko] 715t
w2} ¢4 A E (loss tangent, tan 0) gto] F4dE B
ot} (Figure 4-b).
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Figure 4-a. The change of storage modulus G’ and loss
modulus G~ with increasing filler content in 0.7um Ba
glass.
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Figure 5. Complex viscosity of experimental composites is
exponentially decreased with increasing temperature.
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Figure 7-a. Phasor representations of complex modulus
G* and phase angle, 9, G*’ = G*£9, of experimental
and commercial composites at ® = 10 rad/s in a polar
coordinate system.
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Figure 4-b. Loss tangent (Tand) of experimental
composites as a function of filler volume %.
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Figure 6. Complex viscosity of experimental and
commercial composites as a function of frequency.
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Figure 7-b. Locus of frequency domain phasor plots,
G*w)e’=G*(w) £0, of composites at @ = 0.1 - 100 rad/s
in a complex plane.
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3) 2Twslol W SgizAle) Mets wst
Figure 5% €7} 27}sol we} Bgeae) AEe %)
FHOE FAFL HolZE}

Figure 6& 43202 Azd E3e23 714 B3
2 AE vlmzA QA 33 ¥k o = 10 rad/s
o|A] Charisma¥ E42A%7} 7H8 @31 Denfile] 718 =
=2 ¢ 4 U% 0.7 um Ba 65 wt% + 0.04um silica
10 Wt/t 7100 2} 97t E31 Clearfil Hoje @& &
A2YEE HaFr}

Figure 7-ax= SHEA A% FH94¢ 0 = 10 rad/s ¢
W AP B3R 712 dEetE Blelxle) ¥4 e
AT G* 91737t 0% #|o]A REY (Table 4), G’ =
G*8.% o %3ke] £AIFO2A filler To| Z7Heol] whak
BLRAT G 947 071 oA WsheA) g ¢
4 913 0.7 um Ba 65 wt% + 0.04 um silica 10 wt%
= 21003 Aoz of$- 7hrto] YAEn Y-S &
T et

Figure 7-be HAHHA @ = 0.1 - 100 rad/s 4]
A8A B3feRe 7|2 AEstE BguRe Fua 8
slo] W2 #HojA AA (Locus of frequency domain
phasor, G*@)e’ = *(0)15) < Uepltt. Z o)Ay
% AL AZRAAF ¢ & yF AL S4E8A

T G & Ve
V.o #

B3zl ded 2 EgeR g s gAde =
4 2 354 fillerd ?‘5}")‘ a7, :i?l agﬂJoﬂ ER 1

E}F—'Jr %}?_ ZME i° B} ‘E?Oﬂﬁ *P%f?} AR2000
rheometere &4 ata7} o} =29 433 Axd wet
Qe AT HYETE J1E 4 glon 98 /1A
geometry 7} Al FEo] Tt S3E B9 Yddor
FE Adgd, ZVJ@?I%‘MI" EAAGRAAE, &4
BHE, BEAHETE FAd Adeidin =AE & e
SZESOE AYx AlC‘r.

2 7142 YA TEGDMA £80] Zoldd uat
Arel 343 245 A2 & 4 A% BE v &9 g
NAE AdEY Wste FASA A=st €F 3
Newtonian¥ 42& Bt} Figure 2-be A3 He4 ¥
7 2RAEAHY vmEA TA2000 rheometer?} =3
& 3le EAY A A8 AH AR A 243617
%3 13 % Bis-GMAY H& AdE 49L& R4

To UOTE

Hoz &33le] vlagh A3} steady shear test o &t
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AAH % 79t dynamic test off &g FHAAE 77 A 2
YA S BoJFEh, Cox-Merz rule™™, 7(7 ) = [7*(@)].
=, o ME% AFPHSY 9oy HH Ao Ade
7 9 ERAGANY JEFT o HAEE g2 M2
Bdgo] gl FUI gl AGE AFFoLoME 3
AR TS = EAATE Ng & Balrimol= B 239 du
M= AT + AUk 23 2=} 25C oA 3vT =
A5 wEt Hre & A4S #F & 5 e v 53
qﬂxﬂ TEGDMA 9] vl go] %2 34 =9 g7l 7|24
T Hgto] Ajold] w2 A Ao} AA YElT) ole
W 7144 filler® A7t Al 2EE 2350 Hh 44 &
FE + Ud5S ¢ U
Filler] 24 Wgjo] w2 E3gxel Hey wse 3
Zsl7] e dulddo HA FAZ wa AY (strain
sweep test) S Al tREe] AEA B3 7oA
0.1 % strain o|gtl| X = A=7t A9 A& Y A
F9S JERD 1 ool - vAY gz dxrt 4
&3te 54& BAT. o B S A 4sAu 93
< Bk dIREY 4% S0 E o] o]Ae] WMo
A RE B AfdME 5 % straing 7|E£2.82 Fa
W35t A8 (frequency sweep test) S Aldstact,
#7 7|A3 29 filler 7} H7ME L8 A4 E3gA
FFUEIF g et SEades ghde
eudoplastic g AL BYYh Ao 24 YA} e
B BAAA 4ate) R 30 wt% oAte] W Axe
Adee] g2 vehdt. olgdt ¥ste Ugxizte] 43
o] Aehgo] FE3] 2 FPeA e wjdz R
Holur] Wgolth ™™ Balga Zo] &7 7124 filler
UA7L BArE o] 9lE 1FE suspensiond A& kg B2}
A Aol &t} A o] slsiA W %i‘%l frEe] g9
v} filler7} F2AY filler YAF Alo] -2 fillerst @A 7]
Aol A7t gl vt o] B4 Aol w¥Hn
Adgo] AXE Ut o] Wad & 2HA =3 YAk Aol
9 A}iz}ﬁ.o] A3 o] AxA Oi AL e Ade9
S7kek @A ZAagnt. olB @ A& A 28 (shear
thinning) 2} 8t YAelA B3ge 9}% | €& & 7}
HA we S22 Fred dzle dert dastd Agst
o & 521 o5 & H e o] foln),
grkdo g B3R AL g 712 FH9) u)E,
filler Y&k} Hefo} 271 2 ol 23| 37-71] FoFe W
£3] filler ¥4} Ake]9] interlocking 2 filler ¥t} 714
Atol9] interfacial interactione] ¢Ja #$-drye? E&t ]
o) Ax = $5A (packability) 2 74171+ 44
2z AA, filler FFE 7171 W] dx aﬂﬂ, 7%
2 EHE 2= fillers A4 o= 3 A, glass fiberS

A7HA71E el geke. B 979 4% 2] thE £%

r

flo



¢ fillerg #7ket B3Rl 3lof fillero] F7Hgl ut
g Aee AFHoE F/eE HEgs #F ¢+ o
(Figure 3-b,c, Table 5).

2 AFoAE filler 39 F7t B2 x| W3} £4
Al filler weight% S+ AH8-3HA] €1 filler volume% &
71E2E AT v 2 o= £ W vAIYARe EAH
M AEe At Bxrt oid iAo 9 & 33A
o] 288k hydrodynamic forced| A &J&8}7] v Fo]
o0 ek Bz AT Bl de AL
fillere] FAEE (weight%) 2t} ¥3E& (volume%)
o] a3tz 7} 714 fillerd Y9 FARLEEEH
7+ A8 B3eRe] Bu S ety dr)M A
filler®] 9 && (vol%) & 7FA 2 7} filler YA F3} A
THgle] FRAAE #2, vwddth. Figure 3¢9
Table 5% 371849 A#2A filler volume o W3}

2 BANTE (yE BAAE xE filler volume frac-
tion) & Zo] AFAFe e FAol Z APHE AL B2 T
itk R de fdo A9 12719 oA ¥iE X
Fale A gtE 4 glov o3t ul/¥ise gkt
HE Alel] #AE ofA 2 oA YA Yot mepA] vlAl
7P o AT S fEdof gl g Hxad
€ 92 7FA7F slevt o F diEAQ 222 Mooney<

Ansso] maH 78 Y] suspensionl® FAH
2.54

—~ Lo
B3h309) T 7 =rpe ¢ (b= viscosity of com

posite, 7r = viscosity of resin, ¢ = volume fraction of
filler, # = self crowding factor)$} Zo] filler volume
fraction & AFH ez 7} st vl £ AFY AFx o
o} AA18kAY (Figure 3-b.c, Table 5).

Filler size® E#E B7] 93] 0.04 um silica fillers}
0.5 um silica filler, 283 0.7 um Ba filler?} 1.0 um
Ba filler Blu3l EH 5L filler FFE 711 B2
A filler size’} 2o AR L& HAEZE BYd. ol
filler size7} A&+ U3 filler volumedl| A filler YA+
o 7F F7t, BHAY 2712 #7124 filler YA 2
22 fillers} filler YA} Atooll 23 524-go0] A7) F713) vj
Zolt} & fillere] 57} 271 8 42 Al 3719 &
e 7Y & dAEEIE & BE Y4A Aol
5 Ago] oksl7] white] YAk 2719 dFo] FAER F
=7F wot filler YAHEo] XdslA YA W FE3
£ol F7tete] YAt 2719 Fol Fohal "} (Figure 3-
b, Table 4).

0.7 um Ba filler7} ZAN2 75 wt% 2718 282
o Hert 42 5 wt%, 10 wt%2] Ba fillerE 0.04 um
silica filler 2 X}2A|7! hybrid composite 14 F23 A
= F5E B2 T F et o] 94l weight fraction

B % SIIE fler T W] 1S SEARS RHSH £

2 9H3lA] YA EE volume fraction®] 71} filler
size ZHae 93 Az F7te 2H=2 Y 4 Qi
(Figure 3-a,b, Table 4).

dutdo e O 5E 240 54T A% filler vol-
ume fraction®] F+2 A&t Z7lsHA € 2& vol-
ume% A B %ol 78 (spheres) A
(grains) { 4 (plates) { 2 E (rods)e €22 =7t
Ve Ao 4EA Y. £ glass fiberdt 22 2
W& 4z A5 Aol/AEY v &0l F45 st AR
]:}17.20).

Figure 3-b ©l4, 30 vol % ¥4 0.5 um round
silica filler®} 0.7 um Ba (irregular shaped) fillerZ H]
w3 & = otk v|&@ 274 M€ round filler7} v}
o] Zo} Amrt AR ¥ Ao d&HI o 0.5 um
silica filler®} size7} B 2L, silane *2]7} Ba filler 9
9] irregular FHE ol= AL cover 8} F3 &8 Fo
size7t 27 o] & Ba glass filler7} Y& A58 Hel 2o
2 Yzt

Figure 4-a= 0.7 um Ba filler 3| Z7}3l| wlal A
2 SHAT BT T AEATY St
o 29 filler F9 7k 2 BgUNY BT 5
7t 2A 7198t 35S & 4 Ut AFHCZ filler
volume ©] F71gtel| met SHRAE (tan 6)& 4ot
(Figure 4-b). &3] 0.5 um round silica filler2 AZH
Bde79 Z¢ &4 SHE (A S&HE/ARE) 7t
72 ¢ T Ut F SEAEED FAAR AUdes
Art, o] filler®] HeEj7} round A WakAo] glu Ak
A3 Al g4 rolling E+ slipe] Yoju g BT Aol
A Yehd qEe2 JMEtt. 0.04 um silica round
fillere] 2% 2 29 Fele §2AD YAk 2717} i 3
o} 7} filler YA} Eatslo] G502 2484 gru A4
Ho g od 719 filler YA7} M E agglomeration ¢
°]€9| irregulardt Fejel @4 filler YAHH Y3
Wl FHo R e SARAE e el ReR
Holo},

Kim 57 sillica® ##3 Bis-GMA H&g719 f3
A oM silane coupling agenty® £ASRATE
FH2AA loss tangent & FAA7IH silica fillere A
A ATE S7HAA loss tangent BS FAaA 7T 8
A3 AP Y 71 & 9 e L9lolg 8}
AT vt ol & AT Ao & dX3

SHARAE (tan 9), & 3R A0l F8 A% 948 A
E3A el oiiz] A4l& 2 dampinge] F& Y
ERH ol F2 24 dArEdY Gl Yig 79 A
A PR EARAES] gho] Erha A WH=A] FEA o]
1 o] 3ol 2om AA #5340 AU 194l A
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gzl Atolo] AdiAQl A4 £ 9]“]3} | Ao
A "l w o] gj A2 opt},
R GA 2571 45l ue #zl 7
Xli Tt gaste b XA e
& Tt (Figure 5). ol #419 %9 XJE /\}OH JJr
71101] ‘rl??} Alrhemus WA gy = Ae (70 A
74] -4 "35} 0111—11] hﬂ’}}

&7 i %7]"1]*1 %01% Iﬂlt ?l‘%hfﬂ E°]E Er #zlo]
T2 W SeellAe 44 AR n
o|fo|7| = Bt

Figure 6 0.7 um Ba 65 wt% + 0.04 um silica 10
wt% 9 filler & 3 2484 B3ty xn 714 B2
AEE vy & 27 Azd Yy Bz o = 10
rad/s oA Z 1003 Cleafil Atololl 93+ & <= U}
T 7 P 5AAES HadA S °§@1§i okt
Ao ¢ Hle B & 1 rad/s ol3ty] ¥ Fo4
dMe 4718 484 Egdgde TR s 9
£ Hoju JgFart woldld wet S/t A& radt
o @ = 10 rad/s A< AR £9E Bt wepA
Z A Aol AEE vws] B Yaire SAY

F357} o) g 23 Wo|n B Ao A4 g4l
A loadingAle] AE&3 744 ¥]S:%t w = 10 rad/s & 7]
zo02 sd}.
01315} 23zl oy ‘J g é/‘é*a‘% Zreks] vER)
I AAHog FEste X groupings €A 71 4
ato] 7} A 59 %ﬁl’ﬁ%‘%"éﬁlf G* <} 9137 é ]

]
& A7
3ol M F2 At FlolA Y (Table 4), G*(e
= G*w) L0, o2 Yehlil o = 10 rad/s & o o F
FE ol ZAISHE Figure T-a ¢ 2t} &7]4 9oz
HE Zt A7kAle Adle B4ARAS GF o) YHNA
Zt M2 92 e xF Aol Zbo] 91447} 6 ot} h
2hA 2} vector? x & AEL |G¥cosd = G o2 |G
sind = G7 ot} ¥ TRoE e/t dual gt BE A
o] B3 R BA slen SR Hd A 4
Aole] AuiA Ale 7 Baezl Alole] gusta Wan
AE vebdo & 4 i,

ot W3] mEe 53R HedHsle
golu 7] Y3te] 47| HolA FEHE v = 0.1-
rad/sel tiale] sl 1 HojA o AL Bid
°ﬂ SAI3H Figure 7-be} 2o] Zt AJH g EE3 ¢
& Uehdth, o] 2YZEZRE FHErE S48
AFFAR) AT e (EA)BATY Hsle) v
= ARH oz {AY  glon ELAVAAT L 437
HIle 7 4§ Sl E AT f842 Ad. o]y @

)é’

aéﬂgﬁ
to it L o S o ¢
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A S FH5YY #o]H X¥W (frequency domain
phasor representation) ©]2} 3t o]2{ gt sHo|A <] #3
< 2 A5l F¥8A 2 F (theological fingerprint) &2
7}%; 'aal P o]q,7)

E Oﬂlr'LE E-(s].o:] H‘o‘]—a.]]]]_,] X‘]E}—}Hoﬂ Oé‘o;}-% ]']l—‘___-
HoA4E, & Wk 2 272 fillerd 59 2Ajo] B
7&4 A ddo 932 FE Q¥ o 59E A

U A3 2 AFE B9 ozl R A
=2 K9] 7)oy A 2E FEA A "]
Hew 293 7|3 WAoo E Ao Algd
E ] ,} =2 ﬁlleM u/k,,} ;HE ol _:.NE]-XJ]EQ} 74
%k do|He A% 1:1}2]'7]'01]71] o vy 23S
Fote R AE A £2 AHo] € AL AR
o dog FANAL S2A 2 JAA, AA F ua
o] B Fagol nAe &, 7 71EEA
Ho} st 4 & ALeok Bl st oY 7}
A Wi filler & AH7FsH B A4, AdolA ALg
Al &g 2 9y A Al slumping A&, 239 f9
A flo|g e A5 B o2 ZAAGAE A W
(%strain)® A Foert BAHE g nR]|= 3ol

A AT S0l Al = ook a3l

ol

ol
:.:JFi al

golg & 9
155 e By
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1. 97 714& Newtonian¥ 42-& B orm TEGDMA
grekol S7Hgel uhe} M=ot IA Aoy

2. A%A BIagAdL fillerd =3 3 A gl o
pseudoplastic ¢ 422 B filler Fo] F71gl
et BT ]-’F@ S7F P B

3. 53t filler & 717l EFdZA filler size 7F &
oy g2 AEE 2Yo fillerd ¥/t F7tes
£ qa 2719 29 557}3}9&‘4

4 a] 7]114_ Ez‘ﬂ-gﬂz} RE 2w A ] u;].a]. @_1,:_7]- 7]:}
&3t 3 58] E971-& A4 7&5\-3 23

5. B xlelA filler YA F7h= F2 HAAET &9
7 7HA S AFH o &4 Rl EV) 2hAss

6. HAWY g BAREE GF Y 94470 & wlojA &
Y, (')’ = G'w) L0, & &3l 71519 7 &
Rl ety J2d @ FBe ARE Aol
2rebs| vehl 3 ghebet 4 gle 8¢ Whigol ATt
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